Binding of 14-3-3 proteins to leucine-rich repeat protein kinase 2 (LRRK2) is known to be impaired by many Parkinson's disease (PD)-relevant mutations. Abrogation of this interaction is connected to enhanced LRRK2 kinase activity, which in turn is implicated in increased ubiquitination of LRRK2, accumulation of LRRK2 into inclusion bodies and reduction in neurite length. Hence, the interaction between 14-3-3 and LRRK2 is of significant interest as a possible drug target for the treatment of PD. However, LRRK2 possesses multiple sites that, upon phosphorylation, can bind to 14-3-3, thus rendering the interaction relatively complex. Using biochemical assays and crystal structures, we characterize the multivalent interaction between these two proteins.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder with only limited therapeutic options. In the majority of cases, PD occurs sporadically and is strongly age-related. However, many genes have been linked to inherited forms of PD, bearing implications for possible treatments of the disease [1] . Here, autosomal dominant, missense mutations in the leucine-rich repeat protein kinase 2 (LRRK2) gene are the most common genetic predispositions for PD [2] [3] [4] . About 1-5% of familial and sporadic PD show mutations in LRRK2 and patients with these mutations display a clinically identical disease phenotype as those with idiopathic PD [5] [6] [7] . Pathogenic PD mutations (N1437H, R1441C/G/H, Y1699C, I2020T and G2019S) in LRRK2 result in increased kinase activity and the formation of cytoplasmic accumulations [8] [9] [10] [11] [12] . One of the most important protein interaction partners of LRRK2 are the 14-3-3 proteins [11, [13] [14] [15] [16] . The primary binding motifs for 14-3-3 in LRRK2 were identified to be around phosphorylated serines 910, 935 and 1444, but also serines at position 860, 955 and 973 have been reported to bind to 14-3-3 upon phosphorylation [8, 11, [13] [14] [15] 17, 18] . The phosphorylated serines pS910, pS935, pS955 and pS973 are located in the disordered loop between the ANK Q1 ¶ and LRR domain; pS860 is located in the ANK domain close to this loop and pS1444 is located farther away in the ROC domain ( Figure 1A) . Importantly, many pathogenic mutations in LRKK2 disrupt or weaken the interaction with 14-3-3, thus implying a role of this protein-protein interaction (PPI) in PD ( Figure 1B) [11, [14] [15] . Accordingly, 14-3-3 binding has been shown to regulate cytoplasmic distribution [13] , to protect from dephosphorylation [15] and to be involved in extracellular secretion of LRRK2 [16] . Dephosphorylation of LRRK2 and consequent abrogation of 14-3-3 binding were recently reported to enhance ubiquitination of LRRK2 [17] . This enhanced degradation of LRRK2 could be involved in detrimental loss-of-function phenotypes found in peripheral tissues of LRRK2 kinase-inactive mutants [18] and also may have important consequences for pharmacological interventions on LRRK2 [19] . Furthermore, the group of Yacoubian showed that overexpression of 14-3-3 reversed shortening of neurites harboring the G2019S mutant of LRRK2 while, conversely, disruption of 14-3-3 functions by a peptide inhibitor further reduced neurite length in G2019S-LRRK2 cultures [20] . To explain the positive effect of 14-3-3 binding toward PD, the group of Herberg proposed a model in which LRRK2 kinase activity is controlled by a conformational change driving the kinase into an inactive state, which is stabilized by 14-3-3 binding simultaneously to pS910 and pS1444 [11] . Interestingly, three clinically Pathogenic PD mutations in LRRK2 lead to enhanced kinase activity, dephosphorylation of LRRK2 and the loss of 14-3-3 binding, resulting in increased ubiquitination of LRRK2, accumulation of LRRK2 into inclusion bodies and reduced neurite lengths Q16 ¶
. Table 1 Amino acid sequence of peptides coding for six singly phosphorylated 14-3-3-binding sites in the LRRK2 protein
Q19 ¶
LRRK2pS1444 was extended (ex) with the natural sequence to improve solubility.
Peptide Sequence
LRRK2pS860
observed mutations can be found -R1441C, R1441G and R1441Hthat impair 14-3-3 binding by reducing phosphorylation on S1444 [11] , but also possibly by a direct steric effect. The 14-3-3 class of adapter proteins interacts with several hundred protein partners, of which many are involved in human disease [21] [22] [23] . Overall, the activity of 14-3-3 proteins is recognized as neuroprotective [24] , for example by preventing neurofilament aggregation in amyotrophic lateral sclerosis [25] . Of high importance for chemical biology applications and potential drug discovery, small-molecule modulation of 14-3-3 PPIs has been shown by employing natural products [26, 27] , peptide derivatives [28, 29] , synthetic molecules [30, 31] and supramolecular ligands [32, 33] . For example, the natural product Cotylenin stabilizes the Table 1 ), and 14-3-3γ.
(A) FP assay of FITC-labeled peptides with 14-3-3γ. Background polarization was subtracted from all values. Mean of three experiments; SD error bars are presented when bigger than the data point symbols. (B-E) ITC results of the binding of the six peptides to 14-3-3γ. (F) Overview of the K d s of the binding between the peptides and 14-3-3 based on FP and ITC assays.
inhibitory binding of 14-3-3 to the protein kinase C-Raf and displays antitumor activity [27, 34] . Given that (i) 14-3-3 binding to LRRK2 is impaired by many PD-relevant mutations [13] [14] [15] , (ii) LRRK2 kinase activity is enhanced in PD [35] and (iii) this kinase activity is reduced upon binding to 14-3-3 [11] , a possible and yet unaddressed strategy for treating PD could be small-molecule stabilization of the LRRK2/14-3-3 interaction. Here, we present the crystal structure of 14-3-3 in complex with the binding motifs of LRRK2 surrounding pS910 and pS935, and show how the different combinations of these two sites and pS1444 significantly enhance the binding strength of 14-3-3 Q2 ¶ , indicating the importance of multivalency for LRRK2 regulation by 14-3-3 proteins. Finally, we discuss the possibility for small-molecule stabilization of the LRRK2/14-3-3 interaction as a potential approach for therapeutic modulation of LRRK2 activity in PD.
Materials and methods

Peptide synthesis
All peptides were synthesized via Fmoc solid-phase peptide synthesis making use of an Intavis MultiPep RSi peptide synthesizer. The singly phosphorylated peptides were synthesized on Rink amide resin (Novabiochem; 0.59 mmol/g loading) and the doubly phosphorylated peptides were synthesized on TentaGel R RAM resin (Rapp Polymere; 0.18 mmol/g). To increase the peptide synthesis yields, pseudoproline dipeptide residues [Fmoc-Ile-Ser (psiMe,Mepro)-OH, Fmoc-Asp(OtBu)-Ser(psiMe,Mepro)-OH and Fmoc-Leu-Ser(psiMe,Mepro)-OH, Novabiochem] were incorporated in the synthesis of the longer, doubly phosphorylated peptides. The peptides used for isothermal titration calorimetry (ITC) and crystallization were acetylated before deprotection and cleavage of the resin. The peptides used in the fluorescence polarization (FP) assay were labeled via an Fmoc-O1pen-OH linker (Iris Biotech GmbH) with fluorescein isothiocyanate (FITC; Sigma-Aldrich). The peptides were purified using a preparative LC-MS system that consisted of an LCQ Deca XP Max (Thermo Finnigan) ion-trap mass spectrometer equipped with a Surveyor autosampler and a Surveyor photodiode detector array detector (Thermo Finnigan). Solvents were pumped using a high-pressure gradient system using two LC-8A pumps (Shimadzu) for the preparative system and a two LC-20AD pumps (Shimadzu) for the analytical system. The crude mixture was purified on a reverse-phase C18 column (Atlantis T3 prep OBD, 5 mm, 150 × 19 mm, Waters) using a flow of 20 ml/ min and linear acetonitrile gradient in water with 0.1% v/v trifluoroacetic acid. Fractions with the correct mass were collected using a PrepFC fraction collector (Gilson, Inc.).
14-3-3 Expression
His 6 -tagged 14-3-3 proteins (full-length and ΔC) were expressed in NiCo21(DE3)-competent cells with a pPROEX HTb plasmid and purified using Ni 2+ -affinity chromatography. The ΔC variant meant for crystallization was treated with TEV protease to cleave off the His 6 -tag, followed by a second Ni 2+ -affinity column and size-exclusion chromatography. The proteins were dialyzed against FP, ICT or crystallization buffers before usage (recipes described below).
FP assay
The FITC-labeled peptides were dissolved in FP buffer [10 mM HEPES ( pH 7.4), 150 mM NaCl, 0.1% Tween 20 and 1 mg/ml BSA) to a final concentration of 100 nM (singly phosphorylated peptides) or 5 nM (doubly Table 2 Amino acid sequence of peptides coding for six doubly phosphorylated 14-3-3-binding sites in the LRRK2 protein Peptides containing the pS1444 site were connected with a glycine/serine linker instead of the natural sequence.
Peptide Sequence
LRRK2pS860pS910 
Isothermal titration calorimetry
The ITC measurements were performed with the Malvern MicroCal iTC 200 . The protein and peptides were dissolved in ITC buffer [25 mM HEPES ( pH 7.4), 100 mM NaCl, 10 mM MgCl 2 and 0.5 mM TCEP]. One or two times 18 titrations of Q4 ¶ 2 ml were performed at 37°C (reference power: 5 mCal/s, initial delay: 60 s, stirring speed: 750 rpm and spacing: 180 s). In case of two titration series, the data were merged with the ConCat32 software.
Crystallography
The 14-3-3σ protein was C-terminally truncated after T231 to enhance crystallization (14-3-3σΔC). The 14-3-3 protein and peptide were dissolved in crystallization buffer [25 mM HEPES, 0.1 M NaCl and 2 mM DTT ( pH 7.4)] and mixed in a 1:1 stoichiometry with a final protein concentration of 10 mg/ml. This peptide-protein mixture was set up for sitting-drop crystallization in a home-made crystallization liquor [0.095 M HEPES, 0.19 M CaCl 2 , 26% (v/v) PEG 400, 5% (v/v) glycerol ( pH 7.3)]. Crystals were fished out after 13 days of incubation at 4°C and flash-cooled in liquid nitrogen. Diffraction data were collected at the X06SA/PXI beamline (Swiss Light Source, Villigen, Switzerland).
Results
Interaction of 14-3-3 with phosphorylated peptides comprising LRRK2 phosphorylation sites
To quantify the binding affinities of the 14-3-3 binding sites in LRRK2 reported previously [11, 13, 14] , we synthesized peptides derived from LRRK2 and comprising the sequences around the phosphorylation sites Ser860, Ser910, Ser935, Ser955, Ser973 and Ser1444 (Table 1) . For direct binding measurements to 14-3-3γ, these peptides were labeled with FITC and used in an FP assay. All peptides showed binding to 14-3-3γ albeit with marked differences in affinity (Figure 2A ,F). LRRK2pS1444 exhibited the strongest binding affinity to 14-3-3γ with a K d of 0.125 ± 0.003 mM, which is close to the K d earlier reported by the group of Herberg (0.216 mM) [11] . LRRK2pS910 and LRRK2pS935 both bound around a 100-fold weaker (K d s of 8.34 ± 0.27 and 7.75 ± 0.21 mM, respectively), which is in the case of LRRK2pS910 slightly weaker than reported by others (K d of 661 ± 121 nM), however, significantly stronger for LRRK2pS935, where no binding of a synthetic phosphopeptide surrounding this site was shown [11] . The three weakest binders were LRRK2pS860, LRRK2pS955 and LRRK2pS973, of which the binding curves were not complete enough to determine their affinities for 14-3-3γ. To corroborate and further quantify the interaction of these synthetic LRRK2 peptides with a second, independent method, unlabeled Table 3 Amino acid sequence of peptides coding for singly and doubly phosphorylated 14-3-3-binding sites in the LRRK2 protein with/without known PD causing mutations (R1441G/R1441C/R1441H) and phosphorylation on the S1444 Peptide Sequence
versions thereof were tested via ITC for their binding to 14-3-3γ ( Figure 2B -F). The calculated affinities from ITC showed the same trend in binding for the six peptides as the results from the FP measurements ( Figure 2F ). Many 14-3-3 partner proteins display more than one phosphorylated 14-3-3 recognition motif and, for many them (PKC, C-Raf, CFTR, Gab2), it was shown that simultaneous binding of two of these motifs to one 14-3-3 dimer dramatically increases the affinity [26, [36] [37] [38] . Since LRRK2 also displays several potential and verified 14-3-3 binding sites, we synthesized many peptides where two of these phosphorylation sites were combined ( Table 2) . These peptides showed a strong increase in binding affinity to 14-3-3γ, with some of the combinations displaying the lowest K d s ever reported for 14-3-3-binding peptides (Figure 3 ). For example, the FP assay of the two peptides containing pS1444 showed a K d of 6.10 ± 0.39 nM for LRRK2pS910pS1444 and 2.77 ± 0.19 nM for LRRK2pS935pS1444 to 14-3-3γ. Also the binding of LRRK2pS910pS935 to 14-3-3γ could be fitted to a remarkably low K d of 10.8 ± 0.7 nM as measured by FP ( Figure 3E,H) . A note has to be made that these values are measured close to the detection limit of the technique by the use of 5 nM of fluorescently labeled peptide, and it is thus possible that these peptides have even stronger binding affinities to 14-3-3γ. Also the other binding sites show an increase in affinity for 14-3-3γ by combining them with a second site (2.93 ± 0.27 mM for LRRK2pS860pS910, 64.3 ± 2.9 nM for LRRK2pS935pS955 and 1.21 ± 0.5 mM for LRRK2pS955pS973). It is remarkable that the addition of the barely measurable binding sites pS860 to pS910 still increases the affinity 2.8-fold. Again, these values were corroborated by ITC experiments, producing a comparable binding affinity trend for all peptides (Figure 3B-H) . As observed in the FP assay, also with ITC the high-affinity peptides lay in the range of the detection limit of the technique. Table 3 ), and 14-3-3γ. 
Influence of mutations around LRRKpSer1444 on 14-3-3 binding
Whereas most PD-associated mutations in LRRK2 like G2019S, N1437H, Y1699C and I2020T are not found directly neighboring a 14-3-3-binding site, three mutations within the ROC domain (R1441C, R1441G and R1441H) have been shown to occur in a 14-3-3 recognition motif surrounding pS1444 [11] . Although it was reported that these mutations disturb the PKA recognition site and thus decrease phosphorylation of S1444 [14] , we nonetheless wished to quantify Q5 ¶ the influence of these mutations on binding to 14-3-3 proteins, both in the context of the isolated LRRK2pS1444 site as well as in combination with one additional phosphorylation site, LRRK2pS910. The sequences of the peptides, we synthesized to this end can be found in Table 3 . In line with earlier reports [14] , we could not detect any interaction of the non-phosphorylated LRRK2S1444 ( pS1444S) peptide with 14-3-3γ ( Figure 4A) as measured via FP. When S1444 was phosphorylated, the R1441G, R1441C and R1444H mutations decreased the affinity of the peptide to 14-3-3 by a factor of around 5, 6 and 2, respectively (to 617 ± 13, 727 ± 21 and 228 ± 6 nM). This is in line with the idea that disturbance of the PKA recognition motif rather than a direct effect on 14-3-3 binding is largely responsible for the PD-related effect of this mutation.
Since LRRK2 can bind to 14-3-3 via multiple sites, we studied the effect of both the abrogation of phosphorylation at S1444 and the mutation R1441G in the context of a construct that displayed the phosphorylation of S910. Whereas the doubly phosphorylated peptide LRRK2pS910pS1444 bound to 14-3-3 with a K d of around 5 nM (Figure 3 ), the affinity dropped by more than 1000-fold to 8.32 ± 0.26 mM when S1444 was not phosphorylated and to 14.4 ± 0.70 mM when, additionally, the R1441G mutation was present ( Figure 4) . These binding affinities are comparable with the shorter singly phosphorylated peptide LRRK2pS910, which bound with a K d of 8.34 ± 0.27 mM, which suggests that the unphosphorylated S1444 does not play a role in binding to 14-3-3 Q6
¶ (Table 4 ).
Crystal structure of 14-3-3 in complex with LRRK2pS910pS935
The LRRK2pS910pS935 and LRRK2pS935 peptides were co-crystallized with 14-3-3σ and their structures were solved to a resolution of 1.46 and 1.33 Å, respectively ( Figure 5 ). In these crystal structures, interpretable densities of 12 amino acids surrounding the pS910 site, and four amino acids surrounding the pS935 site were found ( Figure 5C,D) . The remaining residues of the flexible linker between the two sites and the termini of both peptides are not visible in the electron density. The structures show the typical 14-3-3 binding of the phosphorylated serines in the basic pockets of the 14-3-3 dimer, with electrostatic interactions between R129, R56 and K49 of the 14-3-3 protein and the phosphate group of the phosphoserine. A hydrogen bond between Y130 of 14-3-3 and the phosphoserine strengthens these interactions ( Figure 6A,C) . At the pS910 site, the binding is mostly based on polar interactions between the peptide and the 14-3-3-binding groove, presented with dashed lines in Figure 6A . However, also a cluster of hydrophobic amino acid side chains of the peptide (I911, V913 and F916) is positioned in a hydrophobic pocket formed by F119, P167, I168, L174, L218, I219 and L222 at the end of the binding groove of 14-3-3 ( Figure 6B ). Interestingly, eight amino acids lying C-terminally of pS910 Q7 ¶ are visible in the binding groove of 14-3-3, spanning a distance of only 14 Å. This is achieved by the peptide forming a α-helix which decreases the distance it crosses, thus making the structure more compact.
At the pS935 site fewer amino acids could be determined from the electron density map in the 14-3-3-binding groove. Polar interactions are visible C-terminal to the phosphorylated serine, between S933 of the peptide and E182 of the 14-3-3 protein, and the peptide backbone establishes interactions with residues W230, N226 and N175 of the protein. However, this interaction is mostly based on hydrophobic contacts between L936 of the peptide and L174, L218, I219 and L222 of 14-3-3. Beyond residue L936, the peptide forms a 'kink' protruding out of the binding groove, which leaves the rest of the binding groove empty, creating a rim-of-the-interface pocket.
Structural comparison with other 14-3-3-binding motifs
In recent years many crystal structures of 14-3-3-binding motif complexes have been published. As of January 2017, binding motifs of two dozen 14-3-3 partner proteins are deposited in the PDB, among them many biomedically relevant proteins like CFTR, p53, CRaf, Exoenzyme S (ExoS), ERα and Histone H3 [26, 39, 27, 37, [40] [41] [42] [43] . Comparison of these structures with LRRKpS910 and LRRKpS935 reveals some interesting similarities. For example, the 14-3-3 interaction sites of CFTRpS768 and CRafpS259 span nearly the entire amphipathic binding channel, binding to 14-3-3 in an elongated fashion (Figure 7, upper panel) . This is similar to the binding mode of LRRK2pS910 with the noticeable addition that residues 912-917 form a short α-helix. This is only the second time that a secondary structural element is observed in the primary interaction motif of a 14-3-3 partner protein. The first example is the phosphorylation-independent binding of the virulence factor ExoS from Pseudomonas aeruginosa [40, 41] . ExoS binds in a phosphorylation-independent manner to 14-3-3, relying mostly on the hydrophobic interaction of four leucine residues with a hydrophobic patch in the amphipathic groove of 14-3-3. The second major difference from all phosphorylation-dependent 14-3-3 PPIs is the opposite orientation the ExoS peptide is co-ordinated by 14-3-3 Q8 ¶ . Normally, 14-3-3 interactors are co-ordinated in an N-to C-terminal direction, starting from the phosphorylated residue binding basic pocket to the exit point of the amphipathic channel. In contrast, ExoS is co-ordinated from the C-to the N-terminus starting from the equivalent position in the basic pocket [41] . Nonetheless, the position of the α-helix formed by ExoS can be found at exactly the same position as in LRRK2pS910, indicating a predisposition of 14-3-3 proteins to accommodate this structural element in this part of the interaction interface with partner proteins. Other interesting comparisons are those of the relatively limited interface of LRRK2pS935 with also short interacting sequences like those belonging to ERα, p53 and Histone H3. In all these structures, C-terminal from the phosphorylated serine or threonine residue the peptide chain either ends at position +1 (ERα) or makes a sharp turn to exit the binding groove of 14-3-3, leaving a well-defined, albeit open interface pocket. In principle, such a pocket can be targeted with a small molecule as we have shown with the tool compound Fusicoccin A in the case of the 14-3-3/ERα complex [42] .
Discussion
The LRRK2 kinase is one of the most promising molecular targets for the treatment of PD [2, 4, 6] . As a protein kinase, the most obvious and established path forward is the development of active-site inhibitors [8] . Here, many promising developments have been reported recently showing the clinical potential of these molecules [44, 45] . However, direct inhibition of the enzymatic activity of LRRK2 has been reported to also reduce LRRK2 levels in peripheral tissue [46] [47] [48] . The inhibitor-induced reduction in LRRK2 protein levels could lead to loss of function effects in peripheral tissues. In this context, a recent study testing two distinct LRRK2 inhibitors in non-human primates has shown that these kinase inhibitors induced abnormal cytoplasmic accumulation of secretory lysosome-related organelles in pneumocytes of the lung [49] . In another report, six different LRRK2 kinase inhibitors were used to show that LRRK2 kinase inhibition induces LRRK2 dephosphorylation and reduction in LRRK2 protein levels in mouse brain, lung and kidney overexpressing wild-type and G2019S, but not A2016T or K1906M LRRK2. This reduction in LRRK2 levels could be reversed by the proteasome inhibitor MG132, but not by lysosomal inhibition, while mRNA levels remained unaffected [50] . This potential side effect might represent a hurdle for LRRK2 inhibitor treatment in humans, and suggests that targeting LRRK2's kinase domain could be a 'double-edged sword' [19] .
Recently, the class of 14-3-3 adapter proteins have been shown to play an important role as regulators of LRRK2 [13] [14] [15] [16] [17] [18] . This highly conserved protein class is involved in a wide variety of physiological processes [51] . Both our FP and ITC measurements showed that the binding of LRRK2pS1444 to 14-3-3γ is significantly stronger than the other five reported 14-3-3 binding sites in LRRK2. Additionally, when this binding site is Figure 7 . Sequence and three-dimensional comparison between LRRK2 binding to 14-3-3 and previously elucidated Q18 ¶ 14-3-3 protein complexes. Upper row: 14-3-3 binding peptides thatsimilar to LRRK2pS910occupy nearly the entire length of the 14-3-3 binding channel. Lower row: 14-3-3 binding peptides thatsimilar to LRRK2pS935create an interface pocket that could accommodate a stabilizing molecule like combined with another binding site (e.g. pS910 or pS935), the K d is reduced to the low nM range. Nonetheless, it is important to realize that it has not been shown yet whether it is sterically possible for the LRRK2 protein to exist in a conformation whereby a 14-3-3 dimer can simultaneously bind to both pS1444 and the disordered loop between the ANK and LRR domains containing pS910 and pS935. A crystal structure or model of 14-3-3 with a larger section of LRRK2, containing at least the ROC, LRR and part of the ANK domain, could elucidate this. Furthermore, the doubly phosphorylated peptide LRRK2pS910pS935 demonstrated to have a higher affinity to 14-3-3γ than LRRK2pS1444 on its own. Additionally, the presence of the other three binding sites in the same, flexible region ( pS860, pS955 and pS973) makes the effective concentration of 14-3-3-binding sites in this area relatively high. This hints toward an ultrasensitive response in the binding as has previously been shown in other PPIs with multisite phosphorylation (e.g. by Ferrell and Ha) [52] . However, further analysis is necessary to quantify the effect of multivalency in this example.
Importantly, dephosphorylation of S910 and S935 takes place prior to reduction in protein levels but mutation of these two sites to non-phosphorylatable alanines (S910A and S935A) had no influence on inhibitorinduced degradation of LRRK2 [50] . This interesting notion might hint at 14-3-3 dissociation Q9 ¶ from LRRK2 as a mechanistic prerequisite for LRRK2 degradation. If this would be the case, small-molecule stabilization of the 14-3-3/LRRK2 complex in order to inhibit kinase activity could simultaneously protect LRRK2 levels in peripheral organs from potentially harmful degradation. The biochemical and structural data of the interaction of 14-3-3 with LRRK2 presented here may be a good starting point for the identification and development of such a stabilizer. For example, the FP assays employing labeled synthetic phosphorylated peptides comprising the 14-3-3 recognition sites pS910, pS935 and pS1444 can be used to screen compound libraries to identify possible PPI stabilizers. The assay constructs of both 14-3-3 and LRRK2 are, in addition, suited for use in alternative assay formats like Homogenous Time-Resolved FRET (HTRF), AlphaScreen or Thermal-Shift Assay (TSA). Unfortunately, crystallization of 14-3-3/LRRK2pS1444 was not successful, but the crystal structures of LRRK2pS910 and LRRK2pS935 in complex with 14-3-3 form a sound structural basis for assessing 'ligandability' of these PPI interfaces. Here, especially the pS935 site displays a promising pocket at the rim of the interface where, in other 14-3-3 complexes, a very similar pocket can be targeted with the tool compound Fusicoccin A or its derivatives. In addition, stabilizing the physiological target complex of 14-3-3 with the plasma membrane H + -ATPase PMA2 [53] , Fusicoccins are also able to enhance binding of 14-3-3 to C-Raf [27] , ERα [42] , TASK3 [54] , Gab2 [38] and CFTR [26] . However, we could not measure stabilization of LRRK2pS935 binding to 14-3-3 by Fusicoccin A (Supplementary Figure S1 ), which could be explained by a steric clash of residue Leu936 with the five-membered ring of Fusicoccin A. Nonetheless, visual inspection of the 14-3-3/LRRK2pS935 binary crystal structure suggests the possibility of finding an interface-binding molecule. While the success of in silico screening techniques as applied to PPI interfaces has not been proved yet, this type of investigation could provide valuable starting points. The use of crystals of the binary complexes for soaking of fragment cocktails represents a complementary experimental strategy.
In addition to the general relevance of 14-3-3 in neuroprotection [55] and in particular for the regulation of LRRK2, it is also of interest to note that the two other most prominent and best studied gene products associated with PDthe ubiquitin ligase Parkin and α-Synuclein (αSyn)are binding partners of 14-3-3. Parkin dysfunction represents not only a predominant cause of familial Parkinsonism but also a formal risk factor for the more common, sporadic form of PD [56] , and 14-3-3 proteins have been found to bind and modulate Parkin function [57] . αSyn was the first gene associated with familial PD and linked with many mutations as well as gene multiplications correlating with age of onset and severity of the disease [1] . A specific isoform of 14-3-3, 14-3-3η, has been shown to interact with aSyn, thereby reducing the cellular toxicity of aSyn [58] . Together with the findings that inhibition of LRRK2 might be a promising approach for PD therapy [44, 45] and that 14-3-3 negatively regulates LRRK2 activity by binding to sites that are frequently mutated in familial forms of PD [11, [13] [14] [15] 20] , it could be envisioned that small-molecule modulation of 14-3-3 binding to PD-related proteins may open up new possibilities for the development of therapeutic agents in PD.
Abbreviations FITC, fluorescein isothiocyanate; FP, fluorescence polarization; ITC, isothermal titration calorimetry; LRRK2, leucine-rich repeat protein kinase 2; PD, Parkinson's disease; PPI, protein-protein interaction.
